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a  b  s  t  r  a  c  t
Reservoir  evaporation  losses  can  be  high  in semiarid  areas  with  high  evaporative  demand.  The  volume  of
water  evaporated  from  a reservoir  is  a function  of the free  water  surface  area.  In agricultural  reservoirs
this water  surface  varies  depending  on  the volume  of  water  stored.  As reservoirs  are  usually  relatively
full  of  water  over  long  periods  of  time,  evaporation  water losses  are  consequently  high.  Evaporation
water  savings  could  be  achieved  if a pumping  policy  that  considered  evaporation  losses  were  developed.
However,  optimal  pumping  scheduling  models  proposed  up  to  now  do not  take  these  losses  into  account.
This  paper  presents  a new  optimal  pumping  scheduling  model  that integrates  the  evaporation  losses
from  the  reservoirs  into  the  optimisation  algorithm  and provides  the optimal  pumping  policy  that  min-
imises  both  pumping  and  water  costs.  The  developed  model  was  tested  using  a  real  irrigation  water
distribution  system  located  in southeast  Spain  to serve  as a  case  study.  When  evaporation  losses  were
considered,  water  and  energy  savings  were  achieved  in comparison  to the optimal  solution  found  when
evaporation  is  not  considered  in the  optimisation  process.A  sensitivity  analysis  of  the  optimal  solutions
to  the  price  of  water  was  then  performed.  For  increasing  water  prices,  the optimal  solutions  provided
by the  model  tend  to delay  the  pumping  decisions  with  the  aim  of  diminishing  the  evaporation  losses.
Although  this  implies  a  slight  increase  in  the  energy  cost, it is compensated  with  the higher  reduction  in
the  water  cost.
©  2014  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Agriculture is the largest water consumer in the world. More
han two thirds of total water use is devoted to the irrigation of agri-
ultural lands. Sustainability, in many productive irrigated areas,
s threatened by the limited availability of water resources (Khan
t al., 2006; Connor et al., 2014). This is the case of many irrigation
istricts in the semiarid regions in the Mediterranean Basin. Nowa-
ays, there is an increasing social demand for a more productive and
esponsible use of irrigation water in agricultural systems, espe-
ially taking into consideration that water resources may  be even
ore scarce in the near future than they are today. The sustainable
se of water and the water conservation is a priority for agriculture
n water scarce regions (Pereira et al., 2002).
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1 Tel.: +34 950015491.
2 Tel.: +34 950015906.
ttp://dx.doi.org/10.1016/j.agwat.2014.10.008
378-3774/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Evaporation losses from reservoirs can be very high in dry
areas. Studies conducted in semiarid areas in the Mediterranean
Basin have highlighted the signiﬁcance of these evaporation losses.
Martínez-Álvarez et al. (2008) and Martínez-Granados et al. (2011)
calculated that the annual average depth of water evaporated from
agricultural reservoirs in the Segura basin (southern Spain) was
1.4 m.  Total annual losses in the entire basin reached 58.5 × 103 m3,
which corresponds to 8.3% of the water devoted to irrigation and
27% of the domestic water use in a region with approximately two
million inhabitants. This amount is similar to the environmental
demand in the basin and much higher than the industrial demand.
Wurbs and Ayala (2014) estimated that the long-term mean evap-
oration from the reservoirs in Texas was  equivalent to 61% of total
agricultural water use or 126% of total municipal water use in the
state during the year 2010. Other similar or even worse situations
were observed in other regions of the world with similar climatic
conditions (Craig et al., 2005).Reservoirs are usually built in irrigation districts with the aim
of accumulating water during wet seasons with lower irrigation
water demands in order to use it in the dryer seasons with higher
irrigation demands. For this reason reservoirs are usually full by the
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Nomenclature
A reservoir water surface area
C total cost pumping cost (D)
Ce total energy cost (D)
c1, c2 parameters that deﬁne the linear area-storage rela-
tionship
D water demand (m3)
Eo a-class pan evaporation
E evaporation depth from the reservoir
ETo reference evapotranspiration
F’(h) derivative of the Gompertz function.
H pumping head
Kp a-class pan coefﬁcient that relates Eo and ETo
Kr a-class pan coefﬁcient that relates Eo and E
Kh hourly evaporation pattern multiplier
N number of hours
n total number of periods
pw price of the water (D/m3)
p price of the energy (D/kW h)
R rainfall
RE volume of water evaporated from the reservoir (m3)
Q discharge
S volume stored at reservoir
SM maximum storage capacity
Sm minimum storage capacity
V volume of water pumped
W energy consumed by the pumping system (kW h)
w energy needed for pumping one cubic meter of
water to the reservoirs
 pumping efﬁciency
 speciﬁc weight of the water
Subscripts
d daily period
h hourly period
i time period “i”
j index of summation for periods
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ime the dryer season arrives. As a consequence, large free water
urface areas are exposed to evaporation resulting in high evapora-
ion losses and energy waste. This can be of great concern, especially
hen water is scarce and the cost of water and energy is high.
A way of reducing these high evaporation losses is to cover the
eservoirs. Some researchers have proposed and evaluated differ-
nt types of covers (Martínez-Álvarez et al., 2009; Martínez-Álvarez
t al., 2010; Gallego-Elvira et al., 2010). However, these methods are
xpensive for large agricultural reservoirs.
Recently, various research works on evaporation losses in reser-
oirs in semiarid regions have been conducted (Martínez-Álvarez
t al., 2007, 2008; Gallego-Elvira et al., 2010). Other researchers
erformed some studies to measure and analyse the evaporation
n several types of waterbodies with different sizes (Assouline et al.,
008) and water depths (Assouline et al., 2013). In these stud-
es, signiﬁcant advances have been made into understanding the
vaporation process and the measurement and modelling of water
osses. Unfortunately, in spite of these noteworthy ﬁndings, it is
urrently not common for them to be put into practice with respect
o the optimal management and operation of agricultural reser-
oirs.
Several models have been proposed for optimizing pumping
cheduling and agricultural reservoir operation and for reducing
he pumping energy costs in irrigation districts (López et al., 1993;agement 148 (2015) 250–257 251
Moradi-Jalal et al., 2003, 2004; Planells et al., 2005; Pulido et al.,
2006; Pulido and Gutiérrez, 2011, Reca et al., 2014). However, none
of these models take into consideration the effect of evaporation.
The main objective of this paper is to present an optimal
pumping scheduling and reservoir management model that consid-
ers evaporation losses from the reservoir and provides the optimal
pumping policy that minimises both pumping and water costs. This
proposed model computes evaporation losses as a function of the
area of the free water surface which is related to the volume of
water stored in the reservoir.
2. Methodology
2.1. Characterisation of the agricultural reservoirs
Storage reservoirs commonly used in agricultural irrigation sys-
tems are enclosed by earth embankments. They are usually lined
with a high-density poliethilene (HDPE) geomembrane to avoid
seepage water losses. Due to their usually low depths, they are also
characterised by a large area-to-volume ratio which implies high
evaporation losses, especially in dry climates. Their layout varies
among reservoirs and is irregular-shaped as it usually adapts to the
terrain.
Evaporation losses in this kind of reservoirs are a function of
the volume of water stored as the area of the free water surface
increases with the depth of the water. In order to assess the evapo-
ration water losses from a reservoir, its surface-volume relationship
is required. This relationship approximates fairly well to a linear
function (see Eq. (1)).
A = c1 × S + c2 (1)
where A is the area of the free water surface, S is the volume of
water stored in the reservoir and c1 and c2 are the parameters that
deﬁne the linear area-volume relationship.
The methodology developed in this work can be applied to any
kind of reservoir in which this relationship is linear.
2.2. Modelling evaporation from reservoirs
A widely used and accurate method to estimate the depth of
water evaporated from a reservoir (E) is to relate it to the depth of
water evaporated from an A-Class pan (Eo). Martínez-Álvarez et al.
(2007) applied this methodology in a study to assess evaporation
losses at a regional scale in the Mediterranean basin.
Pan evaporation is usually greater than evaporation from reser-
voirs due to extra energy gain through the walls and bottom of
the pan, and the higher advective effect in smaller water surfaces
(Molina-Martínez et al., 2006; Linacre, 1994). In order to derive
more accurate reservoir evaporation values from pan evapora-
tion measurements, an empirical coefﬁcient, Kr, should be applied
(Linsley et al., 1992; Kohler, 1954). An annual Kr coefﬁcient can be
used to relate both variables. However, more accurate estimations
can be achieved if monthly Kr values are used. On  a monthly scale,
Kr values were found to be dependent on water depth and slightly
inﬂuenced by the area of the water surface (Martínez-Álvarez et al.,
2007).
Finally, the daily reservoir evaporation for a speciﬁc day d (Ed)
can be computed by applying the following equation:
Ed = Kr,d × Eo,d (2)
where Kr,d is the reservoir coefﬁcient for day d and Eo,d is the pan
evaporation for the same day d.
The proposed model requires disaggregating the daily reservoir
evaporation estimations into an hourly basis. Short-term evapora-
tion rates modelling is an issue of contention as some researchers
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ave pointed out that these evaporation rates do not correlate to
he incoming radiation but rather to wind speed, which is highly
ariable (Molina-Martínez et al., 2006; Linacre, 1994; Tanny et al.,
008; Granger and Hedstrom, 2011). Energy balance models to sim-
late latent heat ﬂux rates (Imerito, 2007) can be used to obtain
cceptable daily evaporation patterns. However, this procedure is
omplex as it requires short time measurements of the mass and
nergy ﬂuxes that were not available for this study.
Fortunately, the evaporation distribution during a day has little
nﬂuence on storage. For the sake of simplicity, an average daily
vaporation pattern curve has been used to calculate hourly evap-
ration values (Eq. (3)):
d,h =
Ed
24
× Kh (3)
here Ed,h is the reservoir evaporation for day d and hour h and Kh,
s the hourly evaporation pattern multiplier.
.3. Optimal pumping scheduling approach
The aim of the model is to determine the optimal pumping
chedule for a given electricity tariff with different energy price
eriods and integrate the effect of evaporation losses from the
eservoir into the optimisation algorithm. This model can be used
s a decision support system intended to help managers in select-
ng optimal tariff and pumping policies for their water distribution
ystems (WDS). The proposed model uses a linear programming
pproach (LP).
For the sake of simplicity in the description of the model, only
ne pumping system is considered, although the model is able to
andle more than one pumping system at a time. The optimisation
ariables are the water volumes pumped by the pumping station in
ach period “i” (Vi). The pumping operating time can be fairly easily
omputed from the volume of water pumped in a speciﬁc period
nd the pumping capacity (discharge) of the system.
It is supposed that the pumping system lifts water to the reser-
oir at a constant operating point and with constant efﬁciency.
.3.1. Objective function
Two different objective functions were deﬁned in the model:
inimizing only the energy cost or minimizing both energy and
ater costs.
The total energy cost (Ce) can be calculated by accumulating the
ost of energy for all the considered time periods (n). This cost is
btained as the product of the price of energy in a speciﬁc period
pi), which depends on the tariff structure, and the energy con-
umed by the pumping system during that period (Wi).
e =
n∑
i=1
pi
(
D/kW h
)
× Wi(kW h) (4)
The energy consumed during a period i is a function of the
umping power and the number of operating hours. This can be
xpressed as a function of the volume of water pumped, Vi (m3),
sing the following equation:
i (kW h) =

(
N/m3
)
× Hi (m)
3.6 × 106i
× Vi
(
m3
)
= wi × Vi
(
m3
)
(5)
here  is the speciﬁc weight of the water, Hi is the pumping head
or the period i, and i is the pumping efﬁciency for period i, and wi
s the unitary energy needed for pumping one cubic meter of water
o the reservoirs.
The total cost of the water can be obtained by multiplying
he unitary price of the water pw (D/m3) by the volume of water
umped, Vi (m3), in each period.agement 148 (2015) 250–257
The objective function that considers both energy and water
costs can be thus expressed in the following way:
C =
n∑
i=1
(pi × wi + pw) × Vi (6)
where C is the total cost of the water plus the cost of the energy.
The resulting objective function is thus linear.
2.3.2. Restrictions
Some restrictions must be imposed on the model.
2.3.2.1. Maximum pumping capacity. The pumped volume in each
period and each pumping system cannot exceed the maximum
pumping capacity of a system during a given period. This pumping
capacity can be expressed as a function of the discharge Q of the
system and the total number of hours in the period, Ni:
Vi
(
m3
)
≤ Q
(
m3/h
)
× Ni (h) ∀i ∈ [1, n] (7)
There are a total of (n) restrictions of this type, with n being the
total number of periods.
2.3.2.2. Maximum and minimum storage capacity. Maximum stor-
age capacity restriction is introduced to prevent the volume of
water in the reservoir from exceeding its maximum capacity, which
would cause overﬂow. Minimum storage capacity restriction rep-
resents a safety limit to prevent the reservoir from getting empty.
The maximum and minimum storage capacity (SM and Sm,
respectively) restrictions can be written as follows:
Sm ≤ Si ≤ SM ∀i ∈ [1, n] (8)
A recursive procedure was applied to obtain the volume stored
in the ith period.
Si = Si−1 + Vi + Ri − Di − REi (9)
where Di is the water demand for irrigation in the speciﬁc period (i)
(m3), Ri is the rainfall collected in the reservoir. Ri can be calculated
by multiplying the actual rainfall in that period (in m)  by the upper
area of the reservoir (which is a constant and does not depend on
the water level depth) and REi is the amount of water evaporated.
REi can be expressed as the product of the evaporation depth from
the reservoir, Ei (expressed in meters), and the average area of the
free water surface during that period. The ﬁrst variable is a function
of the weather conditions during that speciﬁc period and the reser-
voir characteristics, a calculation which will be discussed later in
more detail. As the variation of the area for two consecutive periods
is very small, the average area of the water surface during a speciﬁc
period approximates fairly well to the area of the water table at the
end of that period. Expressing this area as a function of the storage
volume at the end of period i, Si. According to Eq. (1) results:
Si = Si−1 + Vi + Ri − Di − Ei × (c1 × Si + c2) (10)
The volume stored in Period “i” (Si) can be expressed as a func-
tion of the one stored in the previous period (Si−1). Solving for Si in
Eq. (10) and proceeding recursively results:
Si =
So∏i
j=1
(
1 + Ej × c1
) + i∑
j=1
[
Vj∏i
k=j (1 + Ek × c1)
]
−
i∑[ (Dj − Rj + Ejc2) ]
(11)j=1
∏i
k=j (1 + Ek × c1)
where: So is the water volume in the reservoir at the beginning of
the study period.
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Finally, substituting the expression of the water stored in the
ith” period in the maximum storage volume restriction (Eq. (8)),
he following equation can be written:
i∑
j=1
[
Vj∏i
k=j (1 + Ek × c1)
]
≤ SM −
So∏i
j=1
(
1 + Ej × c1
)
+
i∑
j=1
[ (
Dj − Rj + Ejc2
)
∏i
k=j (1 + Ek × c1)
]
∀i ∈ [1, n] (12)
Similarly, the minimum volume restriction is expressed by the
ollowing equation:
i∑
j=1
[
Vj∏i
k=j (1 + Ek × c1)
]
≥ Sm − So∏i
j=1
(
1 + Ej × c1
)
+
i∑
j=1
[ (
Dj − Rj + Ejc2
)
∏i
k=j (1 + Ek × c1)
]
∀i ∈ [1, n] (13)
There are a total of n maximum and n minimum volume restric-
ions.
A total pumped volume restriction is also imposed to control
he ﬁnal storage level (SF) in the reservoir. If this limitation was
ot imposed, the solution would tend to empty the reservoir in the
nal period. This restriction can be expressed as follows:
n
i=1
(Vi + Ri − Di − REi) = Sn − So (14)
n
j=1
[
Vj∏n
k=j (1 + Ek × c1)
]
= So − So∏n
j=1
(
1 + Ej × c1
)
+
n∑
j=1
[ (
Dj − Rj + Ejc2
)
∏n
k=j (1 + Ek × c1)
]
(15)
It is also necessary to introduce non-negativity constraints to
void negative values to the variables, which would be physically
mpossible.
When formulated in this manner, the scenario becomes a linear
rogramming problem with a total of (n) variables Vi, n pumping
apacity restrictions plus 2 n maximum and minimum restric-
ion plus 1 total pumped volume restriction and n non negative
onstraint. This problem can be solved using the Revised Simplex
ethod (Dantzig, 1963).
.4. Case study
.4.1. WDS  description
The case study proposed to test the developed model was  to
erform the optimal pumping scheduling for “SAT N◦ 2130 Campo
e Níjar” WDS  for the year 2008. The system is described in detail
n a previous study carried out by Reca et al. (2014).
This WDS  supplies irrigation water to 690 farmers and 1334
ectares of greenhouse crops in the eastern region of the province
f Almería (SE Spain). The system has three regulating reservoirs
ocated at the same elevation (acting as if they were one), with a
otal storage capacity of 250,000 m3. Their depth is 9.5 m and the
rea of the open water surface at full capacity is approximately
7,500 m2. From these regulating reservoirs, water is distributed
y gravity to the irrigated area.Fig. 1. Volume-area relationship for the irrigation district reservoirs.
The area-storage volume relationship was obtained from area-
volume measurements of the three reservoirs in the system
provided by the system managers. These experimental data ﬁt-
ted well to a linear function with a coefﬁcient of determination
(R2) of 0.99 and a p-value equal to 5.5 × 10−13 (p-value <0.01). The
volume-area relationship for the reservoirs is depicted in Fig. 1.
The irrigation WDS  pumping system is quite complex as it is
composed of 15 submerged pumps that lift water from water wells
and three booster stations that pump water to the reservoirs. How-
ever, under some reasonable assumptions, a simpliﬁed scheme
equivalent to a single pumping system lifting water to the reser-
voirs at a constant operating point was  derived (Reca et al., 2014).
The pumping head for this equivalent system is H = 175.7 m,  its
discharge is Q = 0.453 m3/s and its global pumping efﬁciency is 0.65.
2.4.2. Irrigation water demands
The actual daily data on irrigation water consumption in the
irrigation district for the study year 2008, provided by the WDS
managers, and the hourly demand pattern are both available in
Reca et al. (2014).
2.4.3. Electricity rates
The model is able to evaluate and optimise the management of
the system for any electricity tariff. In this work, with the aim of
analysing the effect of evaporation on the optimal management of
the system, one of the most common electricity rates in irrigation
systems in this area was  chosen. This selected tariff was 3.0A. It
has 7 different electricity prices. Table 1 shows the tariff prices and
structure.
2.4.4. Evaporation data
A locally calibrated A-class pan coefﬁcient, Kp, equal to 0.63 was
obtained for this area using climatic data from a nearby meteoro-
logical station, “Las Palmerillas” agricultural research station.
ETo = 0.63 × Eo
(
R2 = 0.95
)
(16)
Pan evaporation data for the study area were derived by apply-
ing this relationship to the Penman–Monteith ETo (Allen et al.,
1998) values calculated from the climatic data obtained from the
Níjar meteorological station, which is located in the irrigation dis-
trict.
Monthly Kr values recommended by Molina-Martínez et al.
(2006) and Martínez-Álvarez et al. (2007) for the climatic condi-
tions of southeast Spain were used to calculate daily evaporation
losses from the reservoir as a function of the obtained pan evapo-
ration data, the water depth in the reservoirs, and the area of the
water surface (Eq. (2)).
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Table 1
Energy price for every discrimination period in the analysed tariff.
Time period Hour of the day Energy price (D/kW h)
Initial date Final date Initial Final Working day Non-working day
01/01/2008 30/03/2008 0 8 0.081309 0.081309
8  17 0.097647 0.083864
17  18 0.102049 0.083864
18  22 0.111917 0.107515
22 23 0.102049 0.097647
23  24 0.097647 0.097647
31/03/2008 26/10/2008 0 8 0.081309 0.081309
8  10 0.097647 0.083864
10  16 0.111917 0.093732
16  18 0.097647 0.083864
18 24 0.097647 0.097647
27/10/2008 31/12/2008 0 8 0.081309 0.081309
8  17 0.097647 0.083864
17  18 0.102049 0.083864
18  22 0.111917 0.107515
22  23 0.102049 0.097647
23  24 0.097647 0.097647
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Fig. 2. Calculated ETo , reservoir evaporatio
Fig. 2 shows the Penman–Monteith reference evapotranspira-
ion calculated for the Níjar climatic station and the estimated daily
vaporation losses from the reservoir used in the case study.
Daily evaporation patterns reported by Molina-Martínez et al.
2006) for the region of Murcia (Spain), a nearby area with sim-
lar climatic features, were used. Four hourly evaporation curves
ere reported by these authors, one for each season of the year.
he hourly evaporation data were accumulated and normalised by
ividing them by the total daily evaporation for every seasonal pat-
ern. Then, an average pattern was obtained by calculating the mean
f these patterns for every hour of the day. The obtained cumulative
ormalised daily evaporation pattern was found to ﬁt well enough
o the Gompertz Sigmoid Function (Gompertz, 1832) as shown in
ig. 3. The ﬁtted values obtained for the parameters that describe
he Gompertz function were K = 1.25, A = 5.27 and r = 0.13, where is the upper asymptote, A is the displacement along the x axis
nd r is the growth rate. Finally, the hourly evaporation pattern
Fig. 3. Reported evaporation data and adjusted evaporation pattern.
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ultiplier (Kh) introduced in Eq. (3) can be calculated from the
ollowing expression:
h = 24 × F ′ (h) (17)
here F ′ (h) is the derivative of the ﬁtted Gompertz function.
Fig. 3 shows the reported cumulative normalised evaporation
ata, the ﬁtted Gompertz function and the resulting hourly multi-
lier.
.4.5. Optimisation scenarios
In order to test the model and analyse the inﬂuence of the evap-
ration losses on the optimal pumping scheduling and reservoir
anagement, two different optimisation scenarios have been sim-
lated.
In the ﬁrst scenario, evaporation losses were not considered in
he optimisation process, although they were calculated later with
he aim of comparing them with the ones obtained in the scenario
ith evaporation. In the second scenario, on the other hand, they
ere considered into the optimisation algorithm as described in
he methodology section.
For both scenarios, it was assumed that the regulating reservoir
s half full (125,000 m3) at the beginning of the year and the volume
f storage at the end of the period remains the same. This ensures
hat the volume of water pumped throughout the year equals the
nnual irrigation water consumption plus the annual evaporation
osses calculated.
. Results and discussion
The optimal reservoir storage over the course of the study year
rovided by the model for both scenarios, with and without evap-
ration losses, is shown in Fig. 4. It should be noted that when
vaporation losses are not considered in the optimisation algo-
ithm, the optimal solution found by the model tends to anticipate
umping hours in order to accumulate water in the reservoir as
oon as possible, taking advantage of the low cost pumping periods
nd thus maintaining relatively high storage volume in the reser-
oir. On the other hand, when evaporation losses are considered in
he optimisation process, the optimal solution shows a very differ-
nt pumping distribution pattern. Pumping is delayed as much as
ossible, without increasing the energy cost, with the aim of reduc-
ng the water levels in the reservoir and consequently diminishing
he evaporation losses.
The calculated annual evaporation losses in the ﬁrst scenario
ere approximately 47,455 m3 which represents 0.84% of the total
rrigation water demands in that year.
Although evaporation losses are not explicitly taken into
ccount in this ﬁrst scenario, results show that some water savings
re achieved if this result is compared to other simpler manage-
ent strategies. For example, if the goal were to maintain the
eservoir at its highest level, the resulting estimated evaporation
osses would be 66,879 m3 (approximately 41% higher). Evapora-
ion losses for a half-full reservoir strategy would be 52,048 m3
10% higher). In the second scenario in which evaporation is explic-
tly considered in the optimisation process, evaporation losses are
educed to 40,558 m3 (0.71% of the irrigation demands). Obtained
ater savings are moderate (0.1% of the total irrigation demands
nd 17% less than the irrigation losses in the optimal scenario
ithout considering evaporation). However, any water saving is
elcome in an arid area with such scarce water resources. The rea-
on for the very low relevance of evaporation and energy savings in
his case study is the low relative storage volume. The storage vol-
me  of the reservoirs represents a 4.4% of the annual water demand
n the irrigation district. This is a very low percentage if we  take into
ccount that in other systems with seasonal regulation reservoirs,
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volume can exceed 50% of the annual irrigation requirements. In
this case, evaporation and energy savings are expected to have a
much more relevant role in the optimising process. The low rela-
tive storage volume in the reservoirs of the study area is due to the
preponderance of their regulating function over their safety stor-
age function, i.e., to guarantee the survival of the crops in periods
without water supply.
It is interesting to point out that this water saving, although
moderate, was  achieved without an increment in the energy cost. In
fact, the energy cost was higher in the scenario without evaporation
(351,028 D) than in the scenario with evaporation (350,590 D). This
minor difference in energy cost (438 D) is due to the water saved
in the second scenario that did not have to be pumped. According
to the previous discussion on the relevance of the water savings,
energy cost savings are also expected to be higher in other types of
irrigation systems with a more seasonal regulating function.
Pumping was  carried out only in time periods having the four
lowest energy prices out of the seven total ones. This distribution
was the same for both scenarios. 75% of the total pumping hours
were during periods with the lowest price, 9% during periods with
the second lowest price, another 9% during periods with the third
lowest price and the rest (7%) during periods with the following
lowest price.
This result demonstrates that optimal solutions are seldom
unique, but there is usually some degree of freedom provided
that enough storage capacity is available. There are some critical
periods in which optimal reservoir storage and pumping decisions
are highly restricted. In this case study, there are two critical periods
in which the optimal water volume stored in the reservoir coincides
for both scenarios, with and without evaporation (see highlighted
area in Fig. 4). Out of these critical periods, managers can have a
certain degree of freedom to anticipate or delay pumping decisions
(to take other circumstances into consideration like increasing
reliability or coping with system failures, for instance) without
compromising the energy cost of the operation. However, within
these critical periods pumping policy must be strictly followed if
an optimal energy cost is sought to be achieved. For this reason,
the identiﬁcation of these critical periods, in which there is not any
degree of freedom in managers’ decisions, is of vital importance
for the optimal management of the system. The greater the stor-
age capacity, the larger the degree of freedom and the shorter the
critical periods are expected to be.
In the previous scenarios analysed, only energy costs were taken
into account. However, in semiarid regions where water is par-
ticularly scarce, water should be valued considering not only the
investments and management cost involved in its distribution but
also its opportunity costs and the cost associated with its environ-
mental impacts (salinisation and pollution of aquifers for instance).
The proposed model can perform the optimisation while consid-
ering not only the energy cost but also the cost of the water itself. A
sensitivity analysis of the optimal solution to the cost of water was
performed in order to analyse how the price of the water can affect
the optimal pumping strategy and evaporation losses. Increasing
prices were assigned to the irrigation water from 0 to 1 D/m3 and
with a step of 0.25 D/m3. Most of these prices are relevant to the
water management in the area. In fact, 0.25 D/m3 is approximately
the actual price charged by the water supply institution. This price
only takes into account the cost associated with the investments
and operation costs involved in the distribution of water but not the
price of the water itself. The price of 0.5 D/m3, although subsidised
to some extent by the regional administration, is equivalent to the
price paid for the desalinated water provided by the Carboneras
desalination plant (water that is currently available to the farmers
in order to improve the quality of their irrigation water). If envi-
ronmental costs were also considered, the price of water would be
higher (perhaps closer to 0.75 or 1 D/m3).
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Fig. 4. Optimal storage volume for scenarios with and without evaporation during the study year 2008.
Table 2
Sensitivity analysis of the optimal pumping policy to the price of water.
Water Price (D/m3) Pumping Evaporation losses Water cost Energy cost Total cost
m3 h m3 ha % D D D/m3 D D/m3
0.00 5673683 3479.1 40558.5 8.11 0.71 0 350590 0.0618 350590 0.0618
0.25  5671922 3478.0 38796.6 7.76 0.68 1417980 350814 0.0619 1768794 0.3119
0.50  5671054 3477.5 37928.9 7.59 0.67 2835527 351138 0.0619 3186665 0.5619
0.75  5670339 3477.0 37214.0 7.44 0.66 4252754 351553 0.0620 4604308 0.8120
1.00  5669662 3476.6 36536.5 7.31 0.64 5669662 352155 0.0621 6021816 1.0621
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Table 2 summarises the optimal solution provided by the model
or any water price considered in the sensitivity analysis. Evapora-
ion losses and water, energy and total cost are calculated for each
un of the model.
As the price of water increases, pumping decisions tend to be
elayed as long as possible with the aim of reducing the evaporation
osses. As a consequence, the optimal storage volumes provided by
he model are decreasing (see Fig. 5). The storage volumes in the
ptimal solution tend to be relatively small except in the critical
eriods.
It is interesting to point out that, for high water prices, the maxi-
um volume of water stored in the reservoir provided by the model
and depicted in Fig. 5) does not reach the maximum design capac-
ty of the reservoir. This fact should be taken into account for the
esign of storage reservoirs when high water prices are expected.
These delays, unlike in the previous analysis, imply an incre-
ent in the energy cost because pumping is carried out in higher
nergy cost periods. For example, when no water cost is consideredf the yea r
ater prices during the study year 2008.
76% of the total pumping time is performed in periods with the low-
est energy price. When the price of water is equal to 1 D/m3, this
percentage descends to 73%. On the contrary, the pumping time in
periods with greater energy price increases as the price of water
is considered higher. However, the cost of the water saved com-
pensates the higher energy cost as the model searches for the most
economical solution taking into account both costs.
4. Conclusions
A new optimal pumping scheduling model has been presented
in this paper that considers evaporation water losses from the
reservoirs. This model provides the optimal pumping schedule that
minimises both energy and water costs and is able to compare and
select the most economical electricity tariff.In order to test the proposed model, the optimal pumping
scheduling and reservoir management for a real irrigation water
distribution system (WDS) located in the province of Almería in
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Tanny, J., Cohen, S., Assouline, S., Lange, F., Grava, A., Berger, D., Teltch, B., Parlange,J. Reca et al. / Agricultural Wate
outheast Spain was performed as a case study. Optimal solutions
ere found with and without considering the effect of the evapo-
ation losses.
For typical agricultural reservoirs in which the area of the water
urface increases with the volume of water stored, when evapo-
ation losses are considered in the optimisation process, pumping
ecisions tend to be delayed as long as possible, without increasing
he energy cost, with the aim of reducing the evaporation losses
rom the reservoir. In the scenario in which evaporation is explic-
tly considered in the optimisation process, this water saving was
pproximately 7000 m3 (0.1% of the total irrigation demands and
7% less than the irrigation losses in the optimal scenario without
onsidering evaporation). The reason for these low evaporation and
nergy savings is the low relative storage volume of the reservoirs
4.4% of the annual water demand in the irrigation district). These
nergy and water savings could be more relevant in other systems
ith a higher relative storage capacity.
A sensitivity analysis of the optimal solutions to the price of
ater was also performed. The response of the model to increasing
ater pricing was to provide increasingly higher water savings by
elaying pumping but by incurring slightly greater energy costs.
owever, reservoir storage levels were increasingly lower and this
act could affect the system reliability.
The proposed model can be a useful decision support tool for
ystem managers to establish optimal pumping scheduling poli-
ies that takes into account both the cost of the energy and the
conomical and environmental costs of the water lost by evapo-
ation. However, for a practical application to a real-time system
ptimisation, the model should consider the stochastic nature of
oth crop needs and irrigation water demands and should evaluate
he overall reliability of the system considering the risk of failure
oo. This will be the main goal of future research within this ﬁeld.
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